Genetic variability at 36 loci was studied in white-tailed deer (Odocoileus virginianus) populations, on the Savannah River Plant (SRP) in South Carolina. Mean multilocus heterozygosity (H), percentage of polymorphic loci (P) and average number of alleles per locus (A) for white-tailed deer were calculated and compared with values for white-tailed deer from several locations (SRP deer: H =99 per cent, P005 = 30.6 per cent, A = 1 89; white-tailed deer overall: H = 10•4 per cent, P0.05 = 32.3 per cent, A = 1.94). Frequency distributions for single locus heterozygosity values (h) and the number of alleles per locus for white-tailed deer were found to be significantly different from those of mammals in general. Analysis of single-locus data based on quaternary structure and functional groups of proteins failed to demonstrate expected differences as predicted from the literature. White-tailed deer have a high level of heterozygosity, but they do not exhibit many of the life history and environmental characteristics associated with high heterozygosity in other animals.
INTRODUCTION
Genetic variability is an important characteristic of populations (Mitton and Grant, 1984) and is the basis for a number of conceptual issues in population genetics (Crow and Kimura, 1970) .
Understanding of genetic variability requires comparisons at the intra-(e.g., Selander et al., 1971; Tamarin and Krebs, 1973; DiMichele and Powers, 1982) and interspecific levels (Nevo, 1978) .
Genetic variability in white-tailed deer, Odocoileus virginianus, has been studied both temporally and spatially (Manlove eta!., 1976; Ramsey et al., 1979;  Chesser et a!., 1982) and comparisons have been made with other closely related taxa (Baccus et a!., 1983; Smith et a!., 1986) . These studies have not statistically compared the level of genetic variability in white-tailed deer to that of mammals or vertebrates in general.
A large number of loci and an adequate sample size are required for reliable estimates of genetic variability. Three common measures of genetic variability, multi-locus heterozygosity (H), alleles per locus (A) and percentage of polymorphic loci (P) are affected differentially by a low number of individuals sampled and loci analysed. Heterozygosity estimates are especially sensitive to the number of loci analysed (Nei, 1975) . Alleles per locus and percentage of polymorphic loci are most affected by number of individuals sampled, especially at low numbers. Estimates of genetic variability are expected to change with increasing samples and number of loci analysed (Nevo, 1978) . Several estimates of genetic variability have been made for white-tailed deer, but most of these have involved 22 or fewer loci (Ramsey et a!., 1979; Hillestad, 1984; Smith et al., 1984) . Sample sizes varied considerably and ranged from 32 to over 316 for a variety of populations from the southeastern United States .
There were three objectives in this study. First, values of H, P, and A are reported for a large sample of white-tailed deer from the Savannah River Plant (SRP) analysed for variation at 36 loci.
Second, these data were compared with other available data for deer from other localities, and all data for this species were combined to obtain overall estimates of genetic variability for comparison with those for mammals and veriebrates in general. Third, the data for white-tailed deer were organised into groups based on the quaternary structure or functional characteristics of the proteins, and hypotheses explaining levels of genetic variability of these groups were tested.
MATERIALS AND METHODS
Genetic variation in white-tailed deer was studied by means of horizontal starch gel electrophoresis. For this analysis, muscle, liver, and blood samples from 500 white-tailed deer were obtained in 1981 from hunts on the SRP near Aiken, South Carolina.
Muscle samples were taken from the abdominal area, placed in vials with liver samples and put on ice; samples were stored in an ultra-cold freezer at -60°C. Blood samples were handled as described by Manlove et a!. (1975) . Techniques of electrophoresis were those described by Manlove et a!. (1975) except as noted. Banding patterns were interpreted independently by at least two individuals. If the scorings were not consistent, the gel was reexamined and if necessary the samples were subjected to electrophoresis again. Diagnostic tests for muscle samples were performed using lithium hydroxide and tris-maleate gels (Selander eta!., 1971) to determine which enzymes could be stained with good resolution for this tissue. Eight proteins were chosen for further study after testing 21 stains. Fumerate hydratase (Ph; Harris and Hopkinson, 1976) , mannosephosphate isomerase (Mpi-i; Nichols et a!., 1973) , and peptidase (Pep with DL-leucylglycylglycine as a stain substrate; Harris and Hopkinson, 1976) were stained on the lithium gel. Creatine kinase (Ck; Harris and Hopkinson, 1976) , glutamate dehydrogenase (Gdh-1; Manlove et a!., 1975), glucokinase (Gk; same stain as for hexokinase in Harris and Hopkinson, 1976) , isocitrate dehydrogenase (lcd; Selander et a!., 1971) , and malic enzyme (Mod; Selander et a!., 1971) were stained on a tris-maleate gel with 1 ml of NADP added to the gel during cooking. Four sets of bands were observed for Ck, but only the Ck-2 and Ck-4 loci had consistent bands. Two sets of bands were observed for Mod but only those of Mod-2 were present consistently. Three Pep loci and two lcd loci were resolved. All 12 presumed loci analysed from the muscle samples are reported on for the first time for the SRP herd except for lcd-i and 2, Gdh-1 and Mod-2, which had been studied previously by Manlove et aL (1975) in a smaller sample of deer.
Liver and blood samples were studied as in Manlove et al.(1975) for the following systems: Aat-1, Aat-2, Es-2, aHb, f3Hb, Ldh-2, Mdh-1, Mdh-2, Pgm-2, Sordh, and Tf (abbreviations in table 1). Mean heterozygosity for all loci studied (I) in SRP deer was calculated from_h values for 36 loci. The standard deviation for H was calculated from h_for individual loci, and confidence intervals for H are expressed one standard error.
The h values were obtained by direct count of heterozygotes except those of aHb; the h value for this locus was calculated from allele frequencies as determined from the number of homozygous null phenotypes by use of the Hardy-Weinberg equations (Hartl, 1980) . Heterozygosity values for single loci (h) were less than 001 for the following loci based on examination of 2000 or more deer collected from 1974 through 1981 (Ramsey et a!., 1979; Scribner et aL, 1985) :
Aib, Es-i, Es-3, Es-4, Gd, Gpd-1, Gpd-2, Gpi-1, Gpi-2, Ldh-1, Pgd, Ppt-b, and Sod-i (table 1). The value of h for each locus listed above was assumed to be 0 in calculating H. In addition to our observations of lcd-i and Icd-2 for 500 individuals, 2000 additional deer had previously been studied with low frequency variants for lcd-I but no variants for Icd-2.
Alleles were designated by percent mobility of their product relative to those of the common allele, arbitrarily designated as 100. Alleles with products that migrated cathodally were designated by negative numbers. Loci were designated in numerical order by the position of their product beginning at the anode and going towards the cathode with the exception of hemoglobin (Huisman et a!., 1968). Sheffield (1983) studied genetic variability in white-tailed deer from Maryland. Numerous loci (N = 57) were analysed, but frequently for relatively few individuals (N = at least 37). An overall value of h for white-tailed deer from the SRP and Maryland was calculated for each locus as an unweighted mean. A locus was considered polymorphic if the secondary alleles occurred at a frequency of 001 in either area. Overall A was based on total number of alleles demonstrated in any population of white-tailed deer (Manlove et a!., 1975; Erickson, 1979; Manlove, 1979; Price et a!., 1979; Ramsey et a!., 1979; Hillestad, 1984 Smith et a!., 1986) . Because comparisons were not available between all studies, a conservative estimate of the maximum number of alleles was made based on the gel type used in the analysis and the relative position of the allelic products. Data for A were divided into categories of 1, 2, 3 and more than 3 alleles per locus for SRP and overall white-tailed deer samples. The h values also were grouped into (Manlove, 1979) . Es-4106 and Pgd-164 from Texas (Erickson, 1979) ; Gdh-1102 from Suriname (Smith et al., 1986) .
(Tissue types are listed from most preferred on the left to the least preferred on the right with Ho = hemolysate, H = heart, H/K = heart and kidney combination, L = liver, M = muscle, and P = plasma. § Gel types are as follows: LiOH = Lithium hydroxide, PK= Poulik (discontinuous tris-citrate), IC 80 = continuous tris-citrate, THCI = Iris-hydrochloric acid, TM = Tris-maleate (Manlove et a!., 1975) .
categories of 0, >O-02, >02-04, and >04 for both data sets. The data for A and h for mammals in general (Smith et al., 1978) were grouped into the same categories and comparisons with the data from white-tailed deer were made using Chi-square goodness of fit and contingency tests (Sokal and Rohlf, 1969) . The expected values for goodness of fit tests were calculated by multiplying the proportion of observations in each category for mammals times the total number of loci analysed for deer.
Yates' correction was used when expected values were less than five.
The h and A values also were grouped into categories based on the quaternary structure of the assayed proteins (monomers, dimers, and tetramers; Ward, 1977) and on their functional characteristics (group I = single substrate enzymes;
group II = multi-substrate enzymes; group III = nonenzymatic proteins; Gillespie and Kojima, 1968) . Mean H and A values were calculated for SRP and overall white-tailed deer, and one-way analyses of variance were calculated using an arcsin-square-root transformation of h values and a square-root transformation of A values. Statistical significance was accepted when the alpha level of probability (p) was 005.
RESULTS
Twenty-three of the 36 loci studied were not polymorphic at p OOl for SRP deer (table 1) . Of these monomorphic loci, Aat-1, Gpd-2, lcd-i, Ldh-1 and Pep-2 each had at least one rare allele. Aat-2, Es-2, ceHb, f3Hb, Ldh-2, Mdh-1, Mod-2, Mpi-1, Pep-i, Pep-3, Pgm-2, Sordh and Tf were polymorphic at p 00i and all of these except Ldh-2 and Pep-3 were also polymorphic at p=OO2. Additional alleles were observed for some of the 36 loci in deer from areas outside the SRP (table 1) . Single locus heterozygosity, known alleles, and preferred tissues and gel types for 36 loci (table 1) were studied using only some of the possible tissue-gel combinations.
Percentages of loci polymorphic at the 00i and 005 levels were P0.01 = 360 per cent and P0.05 = 306 per cent for the SRP deer, and P0.01=4i5
per cent and P005 = 323 per cent for white-tailed deer overall. The P0.01 for white-tailed deer lies near the upper end of the expected distribution for mammals (P0.01 = i9i per cent (2SD); Nevo et al., 1984) and is well into the higher half of the expected distribution for vertebrates (P0.01 = 226±29•2 per cent (2SD)).
H for the 36 loci examined in SRP deer was 9•9±2.8 per cent. This value is lower than the mean reported by Ramsey et a!. (1979) for SRP white-tailed deer (H = i27 67 per cent) but well within the expected distribution of their estimate. The combined estimate of H for the 66 loci studied in white-tailed deer in Maryland and at the SRP was i04±24 per cent. This value is in the higher end of the expected distribution for mammals (H 4.1±3•5 per cent; Nevo et aL, 1984) and in the upper half of the expected distribution for vertebrates (H=5.4±5.9 per cent; Nevo et a!., 1984) . The frequency distributions of loci for various levels of heterozygosity in white-tailed deer overall, in SRP white-tailed deer and for mammals in general are given in fig. 1 . Contingency Chisquare analyses of frequency of occurrence within heterozygosity classes (based on the number of loci per class) indicated significant differences between white-tailed deer overall and mammals in general (p =0.02). Frequency distributions for heterozygosity classes were not significantly different between SRP deer and mammals in general (p = 0.06). Neither the SRP white-tailed deer nor the white-tailed deer overall fit the expected frequency distribution for loci within heterozygosity classes for mammals in general (p = 0.05 and 002, respectively). Deer had fewer homozygous loci and more highly heterozygous loci than did mammals in general.
A for SRP deer and white-tailed deer overall was l89 (±0.41 (2SE)) and 194 (±0.27), respectively. The frequency distribution of A differed significantly between the SRP herd and that of mammals in general, and between the latter and that of white-tailed deer overall, when tested by the contingency or goodness of fit tests (p =001 to 000i; fig. 2 ). Deer have more alleles per locus on the average than do other mammals (A = i24; calculated from data in fig. 2 ).
There were no significant differences among H or A of white-tailed deer overall based upon protein quaternary structure (monomers, dimers, and tetramers; table 2). Single substrate enzymes, multisubstrate enzymes, and nonenzymatic pro- teins also did not differ significantly in H or A. A values showed a slight increase from single substrate enzymes to multisubstrate enzymes, and from multisubstrate enzymes to nonenzymatic proteins; H did not show this trend.
DISCUSSION
Data for allele frequencies at eight loci are reported for the first time for SRP deer. These include Ck-2, Ck-4, Fh-i, Gk, Mpi-l, Pep-i, Pep-2, and Pep-3. Sheffield (1983) The accuracy of estimates of multilocus heterozygosity depends on sample size and number ofloci analysed (Nei, 1975; Nevo, 1978) . The latter is most important and comparisons of Hs based on low numbers of loci are influenced heavily by the specific loci included in the sample. Most other reports of H in white-tailed deer have been based on 17 to 22 loci (Erickson, 1979; Manlove, 1979;  Price et a!. (1979) found H = 127 _per cent for 22 loci, Baccus et al. (1983) found H = 74 per cent for 19 loci, and Hillestad (1984) found H = 113 per cent for 18 loci; all three studies were for deer from the SRP but not for the same years or specific locations.
The largest changes in H are related to locational differences. The lowest values were found Table 2 Summary of genetic variability in proteins of white-tailed deer overall and from the Savannah River Plant (SRP). Genetic variability denoted as alleles per locus (A), mean multilocus heterozygosity (H), and proportion of polymorphic loci at the 005 level (P) relative to quaternary structure and functional groups. Number of loci is given as N. Species with widespread distributions should have large variances in P and H (Nevo, 1978) , and while our data support this contention, all three measures of genetic variability (H, P, and A) for deer in the southeastern United States are high. Island and penned deer both have low genetic variability (Price et al., 1979; Hillestad, 1984) , and this observation is consistent with the hypothesis that the reduction in heterozygosity is caused by stocking and drift. Whitetails in Texas (Erickson, 1979) and Suriname (Smith et a!., 1986) , both sampled from native populations, also have low Hs, which points, out the need for further sampling within the range of this widespread species. There is no evidence for population bottlenecks at these locations, although the density in Suriname is quite low (Branan, 1984) and was generally low in Texas for the first_half of this century (Sanders, 1941) . Thus, low Hs in some areas are probably due to drift.
SRP
White-tailed deer have high H values but fall within the expected distribution for both mammals (H 41 38 per cent) and vertebrates in general (H=5.4±5.9 per cent; Nevo etal., 1984) . Whitetailed deer differ from other mammals and vertebrates in general in the way in which their genetic variability is expressed. They do not show a trend for decreasing heterozygosity in proteins with more complex quaternary structures (table 2). Ward (1977) and Livshits and Kobyliansky (1985) reported lower hs for tetramers than for dimers, the latter having higher values than those of monomers. Four of the most variable loci in deer are tetramers (f3Hb, aHb, Mod-2, and Sordh; table 1). Whitetails also do not show the predicted differences between functional groups of proteins (Gillespie and Kojima, 1968;  The frequency distributions of loci with various numbers of alleles or h values also were significantly different between mammals in general and white-tailed deer (figs 1 and 2). The exact cause of the differences between white-tailed deer and mammals in general is not known, but they may be discovered through studies of the specific properties of the enzymes involved or through a better understanding of the population dynamics of white-tailed deer (Scribner et a!., 1985) .
White-tailed deer have the highest level of genetic variability among large-grazing mammals (H = 00 per cent in caribou (Rangifer tarandus) and a population of red deer (Cervus elaphus) to H = 70 per cent in red brocket (Mazama americana); Ryman eta!., 1980; Baccus etaL, 1983; Dratch, 1983; Gyllensten et a!., 1983; Smith eta!., 1986) . There are 10 species of mammals with H> 90 per cent (Felis domesticus, Homo sapiens, Micro tus agrestis, Myotis californicus, Myotis velfer, Perogna thus californicus, Peromyscus maniculatus, Proechimys guarirae, Thomomys hottae, and Odocoileus virginianus), and all have geographical ranges classed as regional or widespread on a continental basis by Nevo et a!. (1984) or by us with Hall (1981) as a reference. The category "regional" includes species distributed over hundreds but not thousands of miles. White-tailed deer are included in a small group of mammals with high H and widespread distributions. Other aspects of its biology are also useful in predicting that it should be a species with high variability. Nevo et a!. (1984) examined the relationships between heterozygosity and several life history and environmental characteristics. Genetic variability is highest in generalist species with small body size, high longevity, large but patchy distributions, limited mobility, and a solitary or highly social population organisation. White-tailed deer fit the prediction in that they live under a broad environ-mental spectrum, and have a long life expectancy and a widespread geographical range. On the other hand, several of its characteristics could lead to a prediction of low genetic variability and these include large body size , continuous habitat distribution, and a polygamous family structure. Two other characteristics usually associated with high heterozygosity are a large number of individuals in the species and potentially high adult mobility. Multilocus heterozygosity in white-tailed deer must be a function of a number of variables, but the multivariate equation describing the relative importance of these variables is not available.
Despite the comprehensive nature of the analyses of Nevo et a!. (1984) , the potential importance of intrapopulational selection was not assessed adequately. Selection has been shown to occur at the Sordh or a closely linked locus in whitetails . In addition, in white-tailed deer H is correlated with antler characteristics Scribner et a!., 1984) , testis size in fawns (Urbston, 1976) , body size and fat levels in adult females (Cothran et a!., 1983) , rates of fetal development (Cothran et a!., 1983; Chesser and Smith, in press) , and fetal number Chesser and Smith, in press ). These phenotypic correlates of_heterozygosity do not prove selection for high H, but indirectly suggest the importance of the association of heterozygosity levels and fitness in white-tailed deer as seems to be the case for a variety of organisms (Mitton and Grant, 1984) . Factors responsible for this type of selection need to be identified and studied before a complete understanding of the role of high heterozygosity in southeastern whitetails is possible. However, the phenetic correlates of heterozygosity suggest it may be a useful characteristic for the management of deer populations .
